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HST imaging of SN 2002cx-like SN 2005hk and 2008A from McCully et al. (in prep.)
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ABSTRACT

We present Hubble Space Telescope and ground-based optical and near-infrared
observations of SN 2005hk and SN 2008A, members of the SN 2002cx-like subclass
of peculiar type Ia supernovae (SNe Ia). Though subluminous and with low expansion
velocities, these objects look spectroscopically similar to normal SNe Ia at early times,
but deviate dramatically at late times, never showing the dominant nebular emission
lines that are observed in normal SNe Ia (and indeed, in SNe of all types). Instead the
spectra show permitted lines of Fe II, Ca II, and possibly Fe I more than a year past
maximum light, along with very narrow [Fe II] and [Ca II] emission. We use these
lines to estimate the temperature and density of the ejecta, and find that the density
at late times for these objects is still extraordinarily high in the late phases. These
high densities should yield enhanced cooling of the eject, making these objects good
candidates to observe the “infrared catastrophe”, a generic feature of SN Ia models.
However, our HST photometry of SN 2008A does not match the predictions of an IR
catastrophe. One proposed explanation for these peculiar SNe Ia is a pure deflagration
explosion, for which models predict significant unburned oxygen in all layers of the
ejecta. We find an upper limit of 0.03 M⊙ of oxygen with a density below 106 cm−3

can exist in SN 2008A ∼ 600 days after maximum light, strongly at odds with the
pure deflagration prediction. We propose that a failed deflagration explosion could
qualitatively be a good model for SN 2002cx-like SNe Ia.

1. Introduction

The use of type Ia supernovae (SNe Ia) as distance indicators has revolutionized cosmology
with the discovery that the expansion of the Universe is accelerating, driven by dark energy (Riess
et al. 1998; Perlmutter et al. 1999). In general, SNe Ia show homogeneity in their observed prop-
erties (see e.g., Filippenko 1997), with quantifiable heterogeneity relating their light curves and
spectra with their intrinsic luminosity (Phillips 1993; Nugent et al. 1995). Well-observed SNe Ia
can typically yield distances accurate to better than ∼ 10% (e.g., Jha et al. 2007) and today are
being used to constrain parameters like the Hubble constant, the age of the Universe, and the equa-
tion of state of dark energy to high precision (e.g., Riess et al. 2007, 2009). As large samples are
collected, systematic uncertainties in our ability to derive SN Ia distances are beginning to domi-
nate the statistical uncertainties (e.g., Wood-Vasey et al. 2007; Kessler et al. 2009; Sullivan et al.
2010).

Perhaps one of the most fundamental systematic uncertainties stems from the lack of detailed
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Fig. 5.— Fits to β for SiFTO (top left), SALT (top right),
and MLCS2k2 (bottom left). The residuals are compared to the
best fitting Hubble line but without correction for the various color
parameters, which are shown along the abscissas. Bottom right:
Results for SiFTO using the late time colors as described in the
text. The solid lines are the best fit to β as given in the text.
The dashed lines show β = 4.1, which is the expected value if the
color excess relation is caused by Milky Way-like dust. The black
circles are for SNe with cz < 7400 km s−1, and the blue squares
for cz > 7400 km s−1. The grouping around AV /RV = 0 for
MLCS2k2 is the result of the AV prior.

ple of our 61 SNe that have late-time color measurements
(from J07) and use these values as our color estimate
to fit for β. Carrying out this analysis out for all four
fitters, we find β ! 2.3 ± 0.3 for 37 SNe. In order to
eliminate any “cross-talk” between the color parameters
and the peak magnitudes, we also tested this procedure
using only B band data to fit the peak magnitude and
light-curve shape and obtained the same results. Using
the late-time colors provided by P99 gives β ! 1.5 for
28 SNe. These results again differ considerably from the
expectation of 4.1.

5. CONCLUSIONS AND DISCUSSION

We have demonstrated that the SN Ia evidence for a
Hubble bubble is related to how SN colors are modeled.
All of the approaches considered agree that the wave-
length dependence of the color excess relation is similar
to that of dust, but disagree on whether or not the re-
lation between the measured color excess and the peak
luminosity is also dust-like. Our fits give a value of β ∼ 2,
which if interpreted via the CCM dust law, requires the
extreme value RV ∼ 1. Therefore, either a more com-
plicated model of intrinsic SN colors is required, which
goes beyond a single light-curve shape-color relation, or
dust in the host galaxies of SNe Ia is quite atypical of
Milky Way dust. If the former, then the late-time colors
of SNe Ia vary from SN to SN, and therefore do not pro-
vide a simple measure of extinction. If one does favor the
single-parameter model with Galactic dust, then the evi-
dence for the Hubble bubble from SNe Ia is fairly strong.

These results depend on how accurately the light-curve
shape-intrinsic color relationship has been modeled, so
it is reassuring that the four fitters are in approximate
agreement on the value of β.

Requiring an additional intrinsic color relation beyond
the shape-color relation raises some challenges for SN
research. Unless this relation can be disentangled from
dust, we must consider the possibility that the balance
of the two effects will change with environment and red-
shift, perhaps even within the low-z sample, and affect
precision SN cosmology. MLCS2k2 might require a more
sophisticated prior that takes into account the relation
between extinction, light-curve shape, intrinsic color, and
would also have to allow for any effects of this intrinsic
color on SN luminosity. SALT/SALT2/SiFTO might re-
quire different values of β in different environments or for
different color thresholds. Using an inappropriate value
of β will mostly affect the most distant SN in any sur-
vey, where Malmquist bias is important. The potential
systematic for a given SN survey can be evaluated by
multiplying the uncertainty in β by the change in color
excess across the sample. If the two-component color
model is correct, then constraining it will not be a triv-
ial task, but it does hold out the possibility of making
SNe Ia even better standard candles.

How can we resolve this issue? A deeper nearby su-
pernova sample that has a similar color distribution at
all distances out to cz ∼ 25000 km s−1 would provide
a good test of the Hubble bubble, since an incorrect
value of β would no longer introduce such an effect. Note
that SN cosmology analyses that restrict themselves to
zmin ! 0.015 such as Astier et al. (2006); Riess et al.
(2007); Wood-Vasey et al. (2007) are not strongly af-
fected by the existence of the bubble. Determining if
a more complicated color model is necessary requires
a different approach. A larger sample of SNe in low-
extinction environments (like elliptical galaxies), or at
least in a narrow color range, could be used to search for
a non-dust-like color relation. A wider baseline of color
measurements could also help this problem; it seems un-
likely that the wavelength dependence of the color excess
relationship will continue to look like dust at all wave-
lengths unless it really is dust. The SALT/SALT2 color
excess relationship (Guy et al. 2007, figure 3) displays
tantalizing hints of departures from the CCM law. If
these can be conclusively demonstrated, it would at least
prove that there is more going on than Milky Way-like
dust, even if it might not elucidate the underlying mech-
anism.

We thank Reynald Pain and Kathy Perrett for useful
discussions.
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dereddened by the Galactic reddening using the full-sky maps
of dust infrared emission (Schlegel et al. 1998).

As can be seen from Figure 3(a), the decline rate of the HV
SNe Ia exhibit a narrower distribution relative to the Normal
group. Although they include events with small ∆m15, no HV
objects were found at ∆m15 > 1.6. A similar narrow distribution
is seen in their V-band absolute magnitudes (Figure 3(b)), with
exceptions for a few heavily reddened objects on the faint side.
Restricting the sample to those with Bmax − Vmax < 0.20 mag,
the mean value of MV

max as well as that of ∆m15 is found to
be comparable for the HV and Normal SNe Ia. Despite these
similarities, the Bmax − Vmax colors of the two groups show
noticeable differences (see Figure 3(c)), with the average value
of the HV group being redder by ∼ 0.08 mag. This difference
increases to 0.10 mag by further restricting the subsamples to
those with 1.0 ! ∆m15 ! 1.5. In addition, the frequency of the
Normal SNe Ia at the bluer end (Bmax − Vmax <0) is obviously
higher than that of the HV objects, e.g., 42.7% versus 14.5%.
This indicates that the HV SNe Ia may preferentially occur in
dusty environments, or they have intrinsically red colors (see the
discussion in Section 4). On the other hand, the morphological
distributions of the host galaxies for these two groups do not
show significant differences, perhaps suggesting that the color
differences might not be caused by dust on large scales.

Although our analysis involves a large sample, we caution that
the distributions of the above observables may suffer from an ob-
servational bias inherited in the observed sample. Further studies
will be needed to determine whether this is indeed the case.

3.2. Dust Absorption and Luminosity Standardization

Dust absorption may be one of the main uncertainties in
the brightness corrections of SNe Ia, depending not only on
knowledge of the reddening E(B −V ) but also on the properties
of the dust. Infrared photometry, together with optical data,
would set better constraints on RV (defined to be AV /E(B −V ))
on an object-by-object basis, but it was not available for most of
our sample. Given the sample size, we attempt to quantify the
average extinction ratio RV for SNe Ia in a statistical way.

With the known empirical relations between the intrinsic
colors and the decline rate ∆m15 (Wang et al. 2009), we derive
the reddening for our sample from the Bmax−Vmax color and that
measured at 12 days past the B maximum (Wang et al. 2005).
To maintain consistency in our reddening determination, we did
not use the tail color (Phillips et al. 1999) or the color at t =
35 day after B maximum (Jha et al. 2007) owing to the possible
abnormal color evolution of HV SNe Ia in the nebular phase
(W08a). The host-galaxy reddening E(B − V )host was taken to
be the weighted average of the determinations by the above two
methods, and the negative values were kept as measured. We
note, however, that part of the reddening derived for the HV
objects would be biased if their intrinsic color–∆m15 relations
were different from those defined by the normal ones. Thus,
the inferred value of RV for them (discussed below) may not
represent the true extinction ratio.

In Figure 4, the absolute peak magnitudes MV
max, corrected for

the dependence on ∆m15 using a relation derived from the low-
reddening subsample, is plotted versus E(B − V )host. One can
see that the HV group follows a relation significantly different
from that for the Normal group. Assuming that the correlation
is governed by dust absorption, the effective RV values for these
two groups are 1.57 ± 0.08 (HV) and 2.36 ± 0.09 (Normal).
The objects with z < 0.010 but without Cepheid distances were

Figure 4. ∆m15-corrected absolute V mag at maximum brightness vs. the host-
galaxy reddening. The filled symbols are SNe with z ! 0.01 or Cepheid-based
distances, and the open symbols are nearby objects that were not included in
the fit. The two solid lines show the best-fit RV for SNe in the HV and Normal
groups, with dotted lines indicating 2σ uncertainties. The dashed line represents
the Milky Way reddening law.

not included in the fit.9 We note that SN 1996ai and SN 2003cg
may have RV close to 1.9, perhaps due to abnormal interstellar
dust, although their distances have large uncertainties. It is not
clear whether they are outliers, or a low RV value is common
for extremely reddened SNe Ia. Nevertheless, the slopes of the
fits to the HV and Normal SNe Ia are still clearly different even
if all the events with E(B − V )host > 0.50 mag are excluded.

The corresponding regression of MV
max with two variables,

∆m15 and E(B − V )host, takes the form

MV
max = Mzp + α(∆m15 − 1.1) + RV E(B − V )host, (1)

where Mzp represents the mean absolute magnitude, corrected
for the reddening in the Milky Way and the host galaxy, and
normalized to ∆m15 = 1.1. For the HV and Normal SNe Ia, one
obtains

Normal :α = 0.77 ± 0.06, RV = 2.36 ± 0.07,

Mzp = −19.26 ± 0.02, N = 83, σ = 0.123; (2)

HV :α = 0.75 ± 0.11, RV = 1.58 ± 0.07,

Mzp = −19.28 ± 0.03, N = 42, σ = 0.128. (3)

The improved solutions are quite close to the provisional values.
The resulting MV

max–∆m15 relation does not show a significant
difference between the HV and Normal groups, and both slopes
are found to be in accord with that adopted in the earlier analysis.

After accounting for the dependence on the two variables
∆m15 and E(B − V )host, we find the luminosity scatter to be
0.128 mag for the HV group and 0.123 mag for the Normal
one. A two-component fit to these two groups having different
values of RV yields a luminosity scatter 0.125 mag. Assuming

9 SN 2006lf was excluded from the fit. After correction for the Galactic
reddening E(B − V )Gal = 0.97 mag with RV = 3.1, the V-band luminosity is
found to be higher than that of the typical SN Ia by about 0.7 mag, possibly
indicating a large uncertainty in the correction for Galactic reddening.

Wang et al. (2009)

SN Ia reddening: variation by SN velocity
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Table 6. As Table 4, but for Z instead of sSFR.

Z split High-Z hosts Low-Z hosts
(12+log(O/H)) NSN α β MB rms NSN α β MB rms

8.70 102 1.512 ± 0.147 3.238 ± 0.158 −19.195 ± 0.014 0.142 93 1.661 ± 0.175 3.800 ± 0.192 −19.115 ± 0.018 0.149
8.75 92 1.577 ± 0.152 3.172 ± 0.165 −19.204 ± 0.015 0.143 103 1.688 ± 0.161 3.848 ± 0.176 −19.110 ± 0.016 0.146
8.80 81 1.601 ± 0.155 3.102 ± 0.170 −19.210 ± 0.015 0.139 114 1.612 ± 0.160 3.747 ± 0.165 −19.124 ± 0.015 0.144
8.85 61 1.534 ± 0.185 3.095 ± 0.194 −19.217 ± 0.018 0.139 134 1.739 ± 0.148 3.614 ± 0.151 −19.125 ± 0.014 0.143
8.90 34 1.526 ± 0.187 2.795 ± 0.225 −19.218 ± 0.021 0.113 161 1.491 ± 0.130 3.619 ± 0.139 −19.151 ± 0.012 0.148

Figure 6. Joint confidence contours (one and two σ ) in α and β (top left), α and MB (top right), and MB and β (lower left) for fits where the SNe are split
according to host galaxy sSFR (left panels) and Mstellar (right panels). Plots with SNe split by Z are similar to those for Mstellar and are not shown. The crosses
show the best-fitting values.

Figure 7. The effect of the assumed cosmology on the differences in nuisance parameters derived from SNe Ia located in hosts either side of the default split
points. The left-hand figure shows SN Ia hosts split by Mstellar, the right-hand figure by Z. Either $M or w is altered, with the other parameters held fixed, and
the difference in nuisance parameters derived from SNe Ia in low-Mstellar and high-Mstellar (or low-Z and high-Z) hosts plotted.

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 406, 782–802
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Figure 9. Hubble diagram residuals as a function of C for SNLS SNe Ia before the colour–luminosity relation is applied, split by sSFR (left) and Mstellar
(right), with the cosmological model fixed and the nuisance variables α, beta and MB allowed to vary according to the type of host. The overplotted lines
show the best-fitting relations (a slope of β). Note that the exact values of the residuals vary between the sSFR and Mstellar splits as the nuisance variables
are allowed to change. As each set of hosts is allowed to have different values of MB , the differences in SN Ia luminosity between different host types is not
present.

Table 7. As Table 4, but testing the effect of the reddest SNe Ia on the derived nuisance variables. Similar results are found for SALT2 fits.

Reddest C Low sSFR hosts High sSFR hosts
permitted NSN α β MB rms NSN α β MB rms

0.30 65 1.377 ± 0.158 2.730 ± 0.228 −19.208 ± 0.016 0.120 131 1.573 ± 0.150 3.444 ± 0.137 −19.149 ± 0.014 0.147
0.25 65 1.377 ± 0.158 2.730 ± 0.228 −19.208 ± 0.016 0.120 130 1.521 ± 0.150 3.361 ± 0.142 −19.152 ± 0.014 0.145
0.20 64 1.373 ± 0.158 2.730 ± 0.228 −19.208 ± 0.016 0.120 129 1.549 ± 0.151 3.443 ± 0.152 −19.149 ± 0.014 0.143
0.15 63 1.435 ± 0.164 2.947 ± 0.264 −19.202 ± 0.016 0.123 122 1.614 ± 0.145 3.214 ± 0.183 −19.149 ± 0.013 0.137
0.10 61 1.548 ± 0.170 3.346 ± 0.328 −19.190 ± 0.017 0.129 113 1.600 ± 0.148 3.617 ± 0.257 −19.136 ± 0.014 0.140

Though the colour variation in SNe Ia is not well understood, high-
sSFR galaxies are likely to show a larger range in dust content
than low sSFR galaxies, and hence display a larger scatter and/or
steeper colour–luminosity relations for redder SNe Ia. Removing
these redder events is likely to minimize the effect of any difference
in β between host galaxy types. It may also be the case that the
colour–luminosity relation of the reddest SNe is dominated by the
effects of dust rather than intrinsic variation (in which case β ∼
RB ), and hence redder SNe favour larger values of β. We note
that Folatelli et al. (2010) actually find a decrease in RV (RV =
RB − 1) in a sample of low-redshift SNe Ia when including very
red SNe Ia, though these events with (B − V ) ∼ 1 are much redder
than any SNLS SN considered in this paper. They speculate that
this difference in RV in the reddest SNe Ia could be a result of
circumstellar dust (see also Wang 2005).

With smaller maximum allowed colours, the rms scatter of the
fits of SNe Ia in each type are also more consistent. Under the
hypothesis that the reddest SNe Ia are the most affected by dust, this
might be expected. SN Ia host galaxies are likely to display a range
in effective RV – the Galactic average is 2.99 ± 0.27 (e.g. Fitzpatrick
& Massa 2007), and there is no reason to expect the range present
in SN Ia hosts to be smaller. For an E(B − V ) of 0.1, this would
generate an additional scatter of 0.06 mag in SN peak luminosities
compared to a SN Ia with a colour excess of zero.

5.3 SN stretch or host dependence?

Given the dependence of SN Ia stretch on host galaxy parameters
such as Mstellar and sSFR (Fig. 2), the trends of SN Ia brightness with
the same parameters (Fig. 3) could simply arise from an incomplete
stretch–luminosity correction, rather than an intrinsic dependence
on any third variable beyond stretch and colour. For example, if
the stretch–luminosity relation were more complex than a simple
linear trend but only a linear variable were fit, this could manifest
as a dependence of corrected SN Ia luminosity on host galaxy
parameters.

We investigate this in two ways. We first examine the luminosity
trends as a function of host galaxy parameters segregated by stretch.
The SNe Ia plotted in Fig. 2 are coded according to the stretch of
the event, and the residuals of both s < 1 and s ≥ 1 SNLS SNe Ia
are given in Table 2 (Table 3 has the SALT2 equivalent). Generally,
the same trends with Mstellar, Z and sSFR are seen for high-s and
low-s SNe Ia, though clearly the significance is smaller than for the
entire population given the number of events is reduced.

We also experiment with a quadratic stretch–luminosity term in
an attempt to remove the host dependence. We add an additional
term to equation (1) of the form α2(s − 1)2, shown in Fig. 10. The
improvement in the quality of the fits with this extra stretch term
is not significant (Table 8) and does not remove the host-dependent

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 406, 782–802

SNLS; Sullivan et al. (2010)

SN Ia reddening: variation by host galaxies



Fig. 3.— The Hubble residuals as a function of redshift. The open blue squares denote SNe Ia in star-forming
galaxies, while the solid red circles are SNe Ia in passive galaxies. The dashed line is the reference absolute
magnitude fit to the whole sample regardless of host galaxy type. We find SNe Ia in passive host galaxies
are ! 0.1 magnitudes brighter than in star–forming hosts even after light curve fitting.

ing a Kolmogorov-Smirnov test (KS-test), where
the probability for the two x1 distributions being
drawn from the same underlying parent distribu-
tion is only 10−7. This result has been known
for some time (Hamuy et al. 2000), but it is reas-
suring that we can clearly recover this well-known
difference in the x1 distributions.

However, we note that in Figure 2 there is no
clear separation in the color term (c) of SNe with
respect to host galaxy type, i.e., both populations
span the same range in color. This agreement is
demonstrated in the top–panel of Figure 2 and a
K-S test of the two c distributions has a proba-
bility of 0.24 of being drawn from the same un-
derlying parent distribution, i.e., no evidence that
they are drawn from different underlying distribu-
tions. This observation seems counter-intuitive,
as we might expect some differences in the global
dust properties of these two host galaxy types,
and maybe even an inclination dependence for the
disk (star-forming) galaxies as outlined recently by
Masters et al. (2010). This similarity in the color
distributions implies that the rest-frame colors of
SNe are dominated either by local, circumstellar
dust, with the same color distributions, and/or
SNe Ia have the same intrinsic color variations in
all galaxy types.

As discussed above, there is a clear trend for
the x1 distribution with host type, but no obvi-
ous trend for the color distribution. We explored
if the constants in Eqn. 1 (M , α, β) are de-
pendent on host type by using a Markov chain
Monte Carlo (MCMC) simulation where we min-

imize the χ2 for the fit to the distance modulus
versus redshift, as a function of (M,α,β) sepa-
rately for passive and star–forming galaxies. Fits
were obtained by running the MCMC chains with
50,000 accepted steps and adjusting the step size
empirically to achieve a typical frequency for ac-
cepted steps of ≈ 20%. One sigma errors on
each parameter are provided by marginalizing over
the remaining other parameters from the MCMC
chains. We perform this analysis assuming an in-
trinsic dispersion of σint = 0.14 mags, which is
added in quadrature to the errors on the distance
modulus to achieve a reduced χ2 close to one (i.e.,
χ2/ndf ≈ 1, see Lampeitl et al. 2010 for further
discussion of this intrinsic dispersion).

To ensure our results are not driven by a few
outliers, we also perform our analyses on a re-
stricted subset of SNe with tighter allowed ranges
of c and x1 values. This restricted sample is illus-
trated in Figure 2 as the inner dot-dashed box and
reduces the sample from 162 SNe (see Table 1) to
116 SNe.

In Table 2, we summarize our results for fit-
ting M,α,β for the full sample and the restricted
subsample discussed above. We see a correla-
tion between the host galaxy type and the abso-
lute magnitude (M) of the supernovae, i.e., after
the SNe have been standardized using the SALT2
light curve fitting algorithm, there is still a differ-
ence of ! 0.1 magnitudes, with SNe Ia in pas-
sive galaxies being brighter (more negative ab-
solute magnitudes). To illustrate this effect, we
present in Figure 3 the residuals to the Hub-
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Table 3

Best fit values for M,α,β as a function of host galaxy type

Host Galaxies Restricteda M α β χ2 No. of SNe

passive no −30.19 ± 0.03 0.16 ± 0.02 2.42 ± 0.16 34.46 40
yes −30.23 ± 0.05 0.18 ± 0.03 2.50 ± 0.41 12.60 27

star-forming no −30.10 ± 0.01 0.12 ± 0.01 3.09 ± 0.10 143.63 122
yes −30.11 ± 0.02 0.16 ± 0.02 3.22 ± 0.20 94.55 89

aRestricted range in allowed c and x1 as shown in Figure 2.

ble diagram (after removing the fiducial redshift–
distance relation) for the best-fit SALT2 parame-
ters of (M,α,β) = (−30.11, 0.12, 2.86), which were
determined from fitting the whole SN sample re-
gardless of host galaxy type. As can be seen, there
is a visible offset between SNe in passive and star–
forming galaxies.

The interpretation for the other SALT2 param-
eters (α and β) is less clear. First, we see no clear
evidence for differences in α with host galaxy type
given the statistical errors. Next, the fitted val-
ues of β (the color law) for star-forming galaxies
do appear to be larger than that found for passive
galaxies, i.e., β values for star-forming galaxies are
above three, while for passive galaxies we find val-
ues below three. The significance of this difference
in β varies between the full and restricted samples,
which is not too surprising, as excluding the out-
liers in the color range will clearly increase the
statistical error on the slope of the color law seen
in Table 2. The mean slope (β) is similar for both
the full and restricted sample.

In Figure 4, we show the corrected absolute
magnitude for SNe in passive galaxies as a func-
tion of their fitted color and stretch values. The
left-hand panels show the color–corrected absolute
magnitude as a function of x1, i.e., only the color
part of Eqn. 1 (βc) has been applied to mB. The
right–hand panels show the stretch–corrected ab-
solute magnitude, as a function of c, when only the
stretch component of Eqn. 1 (αx1) has been ap-
plied to the distance modulus. In the upper pan-
els, we show the best fitting law (Eqn. 1) assuming
the best fit values of M,α,β for passive galaxies
in Table 2, i.e., (M,α,β)P = (-30.19, 0.16, 2.42)
respectively. In the lower row of panels, we show
the best fit law again but now assuming the best
fit parameters for star-forming galaxies, namely

(M,α,β)SF = (-30.10, 0.12, 3.09).

Comparing the top and bottom left–hand pan-
els in Figure 4, it is clear we see that the amplitude
(M) of the best-fitted relationship is different be-
tween the two and clearly wrong in the bottom
panels (i.e., using the star-forming best-fit SALT2
parameters for SNe in passive galaxies). In Figure
5, we show the same analysis as in Figure 4, but
this time the data plotted is for the star–forming
SN sample. Again, we see that the amplitude of
the fitted law (Eqn. 1) is different and inappropri-
ate if used to describe the wrong type of galaxy.

4. Discussion

4.1. Systematic Uncertainties

Before we interpret these results, it is important
to understand potential systematic uncertainties
in our analysis. First, we have tested if our result
depends on the inclusion of a subset of photomet-
rically confirmed SNe. We see negligible changes
in the central values of M0, α and β (for SALT2)
which are significantly smaller than the errors on
these parameters. We also verify the robustness
of our results to reasonable changes in the fiducial
cosmological model and find no significant effect
as expected. Likewise, we have increased the red-
shift range of the sample used in our analysis, e.g.,
increasing the limit to z < 0.45, which more than
doubles the size of the sample but makes the sam-
ple more incomplete. We find that the observed
differences with host galaxy type are still present,
but the significance is decreased. This decrease
in significance is likely caused by the decrease in
signal-to-noise ratio for both the SN light curves
and the galaxy photometry, as well as increases in
the sample incompleteness (both spectral confir-
mations and Malmquist bias effects). The uncer-

9

SDSS SN; Lampeitl et al. (2010); see also Kelly et al. (2010)
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Figure 2. The SN Ia stretch (s; left panels) and colour (C; right panels) from SiFTO as a function of the host galaxy sSFR (upper panels) and Mstellar (lower
panels). The red points show the weighted mean s or C, corrected for dispersion, in bins of sSFR and Mstellar. Only SNLS SNe are shown (similar plots for the
low-redshift sample can be found in N09). Equivalent results are found with SALT2.

for each SN, given by

mmod
B = 5 log10 DL (z; !M) + MB, (3)

where DL is the c/H0 reduced luminosity distance with the c/H0

factor (here c is the speed of light) absorbed into MB , the absolute
luminosity of a s = 1C = 0 SN Ia (equation 1). Explicitly, MB =
MB + 5 log10(c/H0) + 25, where MB is the absolute magnitude of a
SN Ia in the B-band (for SALT2 fits, MB refers to an x1 = 0, C = 0
event). For convenience, we present our results as MB rather than
MB , but note that this requires a value of H0 to be assumed – a
choice that does not impact our results in any way.

α, β and MB are often referred to as ‘nuisance variables’ in
cosmological fits as they are not of immediate interest when de-
termining cosmological models. Instead they parametrize luminos-
ity variations within the SN Ia samples and are likely related to
the physics of the SN Ia explosion and/or the SN Ia environment;
clearly this makes them of great interest in this paper.

Two different approaches are used. The first approach examines
the residuals of the SNe from global cosmological fits using the
SNLS3z < 0.85 plus low-redshift sample, fixing !M = 0.256 (the
best-fitting value for this sample). We choose this number instead
of a more ‘standard’ value like !M = 0.3 to ensure that no redshift

bias in our SN Ia residuals is introduced by adopting a cosmological
model that does not fit the data adequately. The second examines any
variation of the nuisance variables by fixing the same cosmological
model and performing fits on subsamples of SNLS SNe with the nui-
sance parameters free. The first technique uses global values of the
nuisance variables for the entire sample, whereas the second allows
them to vary by environment. The advantage of the latter technique
is that as the cosmological model is fixed, a large low-redshift sam-
ple is not required in order to examine brightness-dependent tests
internally within the well-measured SNLS sample. Throughout, we
define a Hubble residual as mcorr

B − mmod
B , i.e. brighter SNe have

negative Hubble residuals.

4.1 Residuals from global cosmological fits

We consider the residuals from the best-fitting cosmological model
as a function of three host properties: sSFR, Mstellar and Mstellar con-
verted into a metallicity estimate (Z). Residual trends here indicate
luminosity-dependent effects that are not removed by the standard
s (or x1) and C methodology, but that do correlate with some other
physical variable associated with the host galaxy. We emphasize that
Mstellar and Z are therefore highly correlated, and our Z estimates

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 406, 782–802

SNLS; Sullivan et al. (2010)

SDSS; Smith et al. (in prep)
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Fig. 14.— Peak 1
RV

vs. peak AV for the 41 SNe Ia (black dot) with the most constrained dust

properties as described in §5.2. 0.68 confidence errors are plotted for 1
RV

and peak AV for each

SN Ia. Peak summed probability for SNe Ia with AV less than 1.5 is shown as horizontal line (red).

Table 1. Passbands

passband Effective Wavelength
[nm]

K 2150.3
H 1615.0
J 1237.0
Y 1028.7
I 797.9
R 641.0
V 544.6
B 436.3
U 366.3
w1 271.6
m2 225.0
w2 209.5

Shappee & Jha (in prep)

extinction versus reddening
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• highly extinguished SN Ia have low RV reddening and extinction
• signature of “local” dust scattering?

• a few extinguished SN Ia have RV = 3.1 reddening and extinction
• some light echoes around these, dust screen >few hundred pc

• low-reddening SN Ia have low RV extinction law, but normal reddening law
• indications of varying luminosity/color relationship vs. galaxy mass, sSFR

(also different absolute magnitudes, but similar color distributions)
• hints? of varying luminosity/color relationship vs. SN Ia expansion velocity

(could be different absolute magnitudes or different colors)
•  pointing to intrinsic color differences (at fixed light curve shape)

• quick(?) to do: really study color variation with phase

conclusions
• highly extinguished SN Ia have low RV reddening and extinction

• signature of “local” dust scattering?

• a few extinguished SN Ia have RV = 3.1 reddening and extinction
• some light echoes around these, dust screen >few hundred pc

• low-reddening SN Ia have low RV extinction law, but normal reddening law
• indications of varying luminosity/color relationship vs. galaxy mass, sSFR

(also different absolute magnitudes, but similar color distributions)
• hints? of varying luminosity/color relationship vs. SN Ia expansion velocity

(could be different absolute magnitudes or different colors)
•  pointing to intrinsic color differences (at fixed light curve shape)

• quick(?) to do: really study color variation with phase


